INTRODUCTION

The needfor comparative experiments
Laboratory experimentation in plant ecology has evolved very largely as an attempt to pursue investigations which began with fieldwork. With the widespread development of plant growth-room facilities an alternative approach is possible. This is to measure the characteristics of plants under a variety of controlled conditions, and to use the results to predict their field ecology (Grime & Hodgson 1969) . One advantage of this approach is that predictions can be tested against descriptions of the field ecology obtained by independent field investigation.
In the long term, however, the most important advantage of the predictive approach is that many growth-room investigations can be reproduced or extended wherever there are adequate facilities: hence data collected on different species or genotypes and in various laboratories can be compared directly. When comparable data are available for a large number of species drawn from a wide range of habitats it may be possible to estimate the limits of variation of a particular plant attribute, to place an individual measurement in context and to attempt to judge its ecological significance.
The investigation described in this paper is an attempt to examine the range and pattern of variation in a local flora of one particular plant attribute-the maximum potential rate of dry matter production. Although most data have been obtained from only one field population per species the number of species is large and includes representatives from all the major dry terrestrial habitats of the area. Uncertainty concerning the extent to which each sample is representative of the species does not, therefore, invalidate the exercise either as an estimate of the range of variation or as an attempt to recognize differences between groups of species of contrasted ecology.
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MATERIALS AND METHODS
Species
The species were chosen primarily in order to allow comparisons in rates of seedling growth to be made between groups of flowering plants characteristic of local examples of the major inland habitats of the British Isles. However, because the number of species involved was large (132), additional comparisons were possible. A natural consequence of selection on ecological grounds was the inclusion of species differing widely in other plant characteristics such as life-history, quantity of seed reserve and morphology of the root or shoot. In order to facilitate comparisons between groups defined by these secondary criteria, additional species were selected in order that certain under-represented groups, notably legumes and woody species, became large enough to permit separate consideration. An important ecological group, that of vernal woodland species, could not be represented properly because seeds or seedlings were not readily available and because the experimental conditions appeared to be unfavourable climatically for certain of these species.
The majority of the species selected were herbaceous plants of widespread occurrence in Britain. The list (Table 1) Table 1 this ranking is indicated in columns headed b. The extent to which this sample of species represents the complete list of plants to be found in each habitat is shown in Table 2 . Satisfactory representation was obtained in all but the first two habitats. These two, both aquatic, are now excluded from further consideration.
Experimental conditions General considerations
Ideally, to ensure measurement of the true Rmax of which each species is capable, estimations should be made under the growth conditions optimal for that species. In order to find these optimal conditions it would be necessary to subject each species to a wide range of factorially-combined levels of the necessary growth-factors (sensu Lockhart 1965) and then to adopt as Rmax the highest value of relative growth-rate, R, obtained from such a series of experiments. Even on a smaller scale than at present such a task would be totally impracticable. The environment selected for the measurement of Rmx in this large number of species therefore had to some extent to be a compromise between what was theoretically desirable and what was experimentally practicable.
RGR in a local flora
The level of supply of water and mineral nutrients was considerably higher than that commonly experienced by many of the species in the field. However, the work of Hackett (1967), Parsons (1968b), Rorison (1968) and others suggests that normally unproductive species are often able to grow faster in monoculture in a productive environment than in conditions more nearly approaching those of their natural habitat, although Bradshaw et al. (1964) recorded reduced yields in greenhouse-grown Festuca ovina and Nardus stricta at nitrogen levels above 81 parts/106, a concentration which is suboptimal for some arable species in the field. It seems likely that some species achieve their true Rmax only at rates of supply of growth-factors which would be harmful to other less demanding species. Comparisons of Rmax made among many species in a single set of environmental conditions therefore may result in an under-estimation of Rmax in species adapted to survive in environments far removed from that used in the investigation. However, there is evidence in the literature and from this investigation to suggest that, under productive conditions, markedly sub-optimal growth is restricted to species in which the true Rmax is low. Hence, despite inaccuracies, such comparisons would differentiate between species of low and high Rmax providing that the environment selected allows Rmax to be attained, or nearly so, in species of high potential growth-rate.
Light regime
The scale of the operation required a cumulative series of standardized experiments. The controlled-environment rooms described by Rorison (1964) were used for this purpose. Illumination of the growing plants in these rooms was provided by thirty 5-ft (152-cm) 80 watt 'warm white' aged fluorescent tubes which supplied a maximum of 38 0 W m-2 visible radiation (0'0545 cal cm-2 min -) at plant height. A long day-length, 18 h, was chosen to encourage a high productivity (Hughes & Evans 1963 ). The daily total visible radiation supplied was 2-46 MJ m-2 (equivalent to 58-95 cal cm-2 day-'). This figure is comparable to mean daily outdoor values for only two or three winter months in the year and is only in the region of 24% of the mean daily value for similar latitudes to Sheffield in June (de Vries 1955). Although arrangements were made to ensure that each plant received this level of radiation with no shading by adjacent plants, it is nevertheless the case that the daily light energy input to plants in the growth-room was less than that which they would receive in the majority of open field situations at temperate latitudes. Temperature regime A uniform day temperature of 20? C was chosen. This is above the normal mean summer air temperature of most of the field situations near Sheffield but is not outside the experience of any of the species used. Experiments carried out by Went (1957) confirm that high yields may be obtained in a variety of different species grown at this temperature. At night the temperature was lowered to 15? C to decrease dry weight losses due to respiration and to give a crude approximation to a 'normal' diurnal temperature variation which may be of physiological importance to many species.
Since the present experiments were concluded the work of Mahmoud (1973) has confirmed the suitability of the chosen temperature regime for near-optimal growth in several native species. Here, five grasses Agrostis tenuis, Arrhenatherum elatius, Deschampsia flexuosa, Festuca ovina and Zerna erecta were grown under conditions, and using methods closely similar to those of the main series of experiments except that for each species there was a treatment in which temperature was held continuously at 15, 20 25 or 30? C. These results are summarized in Table 3 . It seems that in each case a day temperature of 20? C is at, or near to, the optimum temperature for the realization of Rmax given the background of the other conditions used. R (mean relative growth-rate) was calculated from Fisher's (1920) formula: (loge 5W-loge 2 W)/T where W and 2 W 398 RGR in a localflora are whole-plant dry weights at 5 weeks and 2 weeks respectively and T is the time interval, 3 weeks.
Rooting-medium
The choice of rooting-medium presented few problems. Soil was rejected as a possibility because of its variable and uncharacterized nutrient and water supplying capacity. Solution culture, although not suffering in this respect, was also rejected because of the difficulty of devising a single plant-support system suitable for a wide range of plant sizes and growth forms. The choice therefore rested with sand/solution culture.
Nutrient solution
The choice of a suitable mineral nutrient solution was governed by the need to provide the more productive species with more than adequate supplies of mineral nutrients. The 'Long Ashton' solution (Hewitt 1966 , Tables 40, 41) was selected because of its reported suitability for the growth of a wide variety of crop species. It was suspected that the levels of mineral nutrients supplied might be super-optimal for the less productive species. In order to examine this possibility four species drawn from various types of unproductive vegetation, Deschampsia flexuosa, Festuca gigantea, F. ovina and Scabiosa columbaria were grown in the controlled-environment room in sand/solution culture using both the standard solution and a solution in which the major mineral nutrients nitrogen, phosphorus, potassium, calcium and magnesium were supplied at only one-fifth of the standard rate. No differences with respect to final yield or R were detectable at P<0.05 between treatments after four weeks' growth.
Rooting-volume
A test was made to determine the minimum volumes of sand and solution necessary to support the highest yields expected in the projected experiments. Seedlings of sunflower, Helianthus annuus L., were grown in the controlled environment room for four weeks under a temperature regime of 20?/15? C with an 18-h day. Four pot sizes over the range 115-2280 cm3 were used and the sand was supplied daily with an excess of full nutrient solution. There were clear and significant increases in final dry weight yield with each increase in pot size. From inspection of the curve of yield v. sand volume it was clear that yields of sunflower of around 4 g dry matter could be expected under these conditions from a volume of 500 cm3 of sand. It was thought that few, if any, native species would approach this yield after only four weeks' growth and, on this basis, the volume of sand to be used in the experiments was fixed at 500 cm3.
Design of container
Conventional flowerpots use growth-room space inefficiently: at 500 cm3 each, only 128 could be accommodated at once. A special container (Fig. 1) was, therefore, constructed from 4-in (10-2-cm) flat, transparent polyethylene tubing. This provided containers with flexible walls which, when closely packed, assumed the more efficient hexagonal section. With this design it was possible to fit up to 360 into a growth room at one time and still leave space for a thermohygrograph and dishes of germinating seeds. Other important design considerations for this container were that it should provide a standardized rooting and aerial environment in which the roots and shoot of each seedling were completely isolated from those of its neighbour. To provide a shoot enclosure the polyethylene walls of the container were continued upwards for 10 cm above the surface of the sand. At the top of this extension the tubing was turned back on itself for a further 10 cm and a lining of aluminium foil was inserted into the space between the two layers of plastic (see Fig. 1 parts of adjacent seedlings with a drop in light intensity of only 18% between the mouth of the container and the surface of the sand.
General arrangement
The containers were supported in rows on a PVC-coated heavy-gauge steel grille.
RGR in a localflora
This system allowed completely free drainage from each container and ensured that the excess solution emerging from the bottom of the containers was not allowed to collect outside or to contact any other container. It was found that the sand in each tube could be kept uniformly moist by the addition of 20 ml of solution on alternate days. The adequacy of this rather low rate of watering was owing to the small exposed-surface/ volume ratio of the sand, the non-porous sides of the containers, the 'sheltered' position of the sand surface and the relatively high humidity in the growth room (maintained additively at a level continuously above 60% R. H.). When containers were watered at this rate solution still emerged from the bottoms and tests indicated that any accumulated nutrients were flushed out by this process. A summary of the experimental design and environmental conditions is set out below. 
Medium
Procedure
Sand treatment
The sand used was a pure, washed silica sand obtained from Messrs Arnolds Quarries Ltd, Leighton Buzzard, Bedfordshire. It was subjected to further purification in polyethylene bins by an acid-washing procedure similar to that described by Hewitt (1966) . After each experiment the sand was re-used following a repeat of the whole acid-washing process.
Germination
In order that seedlings of comparable age could be obtained simultaneously for different species a simple germination test was previously performed on seeds of all species considered for inclusion in the series. Seeds were set out in Petri dishes on moistened Whatman No. 1 filter paper, in the environment described above and daily counts of percentage germination were made. On the basis of this information seeds could be imbibed for different lengths of time so that simultaneous peaks of germination were attained by up to eighteen species prior to the start of each experiment.
Seedlings of some species which it was desired to include in the experiments could not be obtained in the normal way either because no seed was available, or because the seeds had some special or lengthy pre-germination requirements which could not easily be provided. Several woodland species came into this category. In these cases material for the experiments was provided in the form of newly-germinated seedlings transferred directly from the field to the experiment. At the time of collection these seedlings all possessed cotyledons in good condition and all had either no true leaves or the first one (or pair) visible. An initial harvest, extra to the main series, was carried out on these seedlings as they came in from the field. Lemna minor was grown from single fronds using the same techniques except that solution culture replaced sand.
Randomization
The containers were placed in two randomized blocks, one on each side of the growth cabinet. This precaution was taken only to minimize the possible effects of differences between species with respect to maintenance procedure. Rorison (1968) has shown, for more than one species, that in growth rooms of this design, spatial variation in environment causes only minor differences in the performance of plants growing in different positions.
Harvesting
The duration of the experiments was fixed at five weeks with harvests at two, three, four and five weeks. For a few species it was not possible to harvest exactly at these times and harvests were taken within three days of the designated dates. In these cases the actual time intervals were recorded exactly and used in computation. This design allowed plants to 'settle-in' to the environment before any measurements were taken and was a sufficiently short period to ensure that even the most productive species were still near their exponential phase of growth at the end of the measurements. Seedlings were planted one per container and selected for harvesting at random.
Measurements
Measurements of mean 'seed' weight were made prior to each experiment. One hundred seeds were weighed together in an air-dried condition and a mean weight was obtained. This measurement should perhaps more correctly be called a 'disseminule weight' since in some species (e.g. Poterium sanguisorba) the pericarp was included. At the time of harvesting a number of measurements was carried out. Although these are all described here only data on dry weights are dealt with in this paper.
Linear measurements. Plants were removed from the sand and the distances from the sand surface to the furthest points of the root and shoot were measured. The root measurement was made with roots in a straightened but not stretched condition. The shoot measurement was made between the sand level and the growing point of the shoot in species of erect habit and between the sand level and tip of the largest leaf in other species, including grasses. Dry weights. Washed plants were placed in paper envelopes and dried at 100? C for at least 48 h. On removal from the oven the roots and shoots were parted and weighed separately. The remains of the seed, if any, were included initially in the root weights and then, on some occasions, detached and weighed separately. Some data have been analysed both with and without the seed dry weight component.
Leaf areas. Leaves were removed from each seedling before drying and silhouettes were made on 'UNAX' 3M3 semi-dry diazo blackline paper. Images of the leaves were then cut out and weighed, a previous calibration giving their equivalent areas.
Whole-plant silhouettes. A visual record of the sizes of the various species at different stages of growth was obtained by making silhouettes on 'UNAX' paper of whole representative seedlings for each species at each harvest.
Spatial arrangement of containers
Towards the end of each experiment a majority of the more productive species pro-402 RGR in a local flora duced sufficient shoot material to emerge from the mouths of their containers. By this time, however, the removal of early harvests had created sufficient space in the growthroom to allow spacing out of the remaining containers to ensure that no shading of adjacent smaller plants occurred. In order to increase the effective capacity of the cabinet in some of the experiments a 'staggered' planting schedule was adopted. The initial planting was of material for the three-, four-and five-week harvests. When the three-week harvest was removed from the growth-room the plants for the two-week harvest were introduced. These new plants then grew for the remaining two weeks of the experiment and were harvested at the same time as the five-week harvest.
Special problems
During the course of the experiment, a small proportion of the seedlings suffered setbacks in the form of desiccation, fungal attack or disturbance during the application of nutrient solution. Seedlings showing severe stunting and/or death of leaves were removed from the experiment and discarded. It seems likely that among the plants which were allowed to remain in the experiment and which therefore contributed to the total variability of the data there were some individuals which suffered less obvious checks on their growth. Such a situation is unavoidable in this type of experiment where one cannot entirely separate the variability inherent in the seed population from that engendered by experimental conditions or techniques.
A number of small-seeded species, e.g. Thymus drucei, experienced a high rate of seedling mortality during the first week after planting. This was apparently related to drying of the surface layers of the sand and was rectified by repeating the experiments using containers of sand which were allowed to stand in 10 cm of deionized water during the first week.
When some containers had been in the growth room for two to three weeks it was found that a crust of algae up to 2 mm thick had built up over the exposed upper surface of the sand. In one way this was an advantage because it prevented the displacement of the sand which tended to occur when nutrient solution was applied. Where it was suspected that this crust caused asymmetrical penetration of the solution into the surface layers of the sand it was broken into small sections with a mounted needle and good drainage was restored.
Repeatability
If data from a series of experiments are to be combined it is advisable, even where there has been strict control of the environment, to establish that the experiments have been carried out in a comparable manner. The environment itself may be monitored by instruments which ensure an exact repetition of environmental conditions from experiment to experiment but the technical and procedural repeatability is not so easily checked. It was, therefore, decided that at intervals throughout the period of the investigation experiments would be repeated on one species as a check on the constancy of the experimental procedure and environmental conditions. Silene dioica was chosen for this purpose. No significant differences in Rma could be detected at P < 005 between experiments. The final value of Rmx presented for this species is a combined value obtained from a pooling of all such data (105 plants in all).
QUANTITATIVE ANALYSIS
General requirements The analysis of the large body of data obtained from these experiments presented problems of its own. Because of the scale of the operation a single, computerized procedure was desirable, but the data themselves required a variety of analytical approaches.
Although in the great majority of the present species, the period two to five weeks after germination encompassed some part of an exponential phase of growth, the precise patterns of growth obtained varied considerably from species to species. Many showed true exponential growth over the whole of the period studied, with no statisticallysignificant departures from log.-linear dry weight increases with time. Other species had a high initial R which, as a result of various internal and/or external influences, declined towards the end of the period of observations. In some cases this decline was smooth, in others it was of increasing steepness. Still other species began growth with low values of R which increased, either uniformly or at a decreasing rate, over the period studied. A few species exhibited combinations of these trends: R began with a low value which then increased, was held at a steady level for some time and then finally decreased (a log.-sigmoidal growth pattern). In the remaining species, growth apparently possessed no clear-cut pattern and often appeared to be following an intermediate path between various of these trends. were quadratic, sixty-eight were cubic and two were "no-fit", all decided at P <0-05. In these 192 sets of data the orders of polynomial fitted to loge W and to logeLA were the same in 114 cases, were one degree apart in forty-nine cases, two degrees apart in twentyeight cases and three degrees apart ("no-fit"/cubic) in one case.' Thus, in the present body of data the simpler trends with time are the most frequent and the logarithms of W and LA follow trends that are often similar but are by no means exclusively so.
Approaches through regression analysis Rather than adopt the more conventional harvest-interval approach to the growthanalysis it was decided to calculate growth-functions from regressions
Comparisons with conventional analyses Table 4 contains relative growth-rates calculated for Holcus lanatus. Here, values have been calculated by a number of methods as a specific example of the ways in which different methods of treating the data can yield different results.
The application of Fisher's (1920) formula (p. 397) gave the overall value of R as 1-61 week-1, but similar calculations made between individual harvest occasions indicated values that initially were higher and finally were lower than this. This value for 11,35R (prefixes indicate the period in days, following Evans (1972)) and that given by the log.-linear regression must, therefore, be viewed with some suspicion. The two higher-order regressions indicate substantially higher initial values of R but only in the case of the log.-quadratic regression is this value significantly higher than that of the overall mean (P <0 05). In this case the quadratic regression gives a significantly better fit to the data than does the linear.* The cubic, however, gives no significant improvement over the quadratic, whilst adding substantially to the size of the confidence limits on the fitted values of R. For plots of logeW and R in this case see Hunt & Parsons (1974) , their Fig. 2(a) and (c) for the log.-quadratic regression and their Fig. l(a) and (c) for the log.-cubic regression.
Derivation of Rmax
When an analysis had been established which provided reasonably accurate descriptions of the experimental data a problem remained in deciding on which of the fitted values of R best represented the concept of Rmax and provided the most legitimate and informative basis for the comparisons between species discussed in the introduction. The possibility of making estimates across the board at a common time or at a common dry weight was rejected because this would often involve comparisons between plants at very different stages of development and might, in some species, apply to phases of growth in which R was limited by external factors. A simple approach which has been explored here is to take the highest value of R obtained for each species during the period of observations. This procedure is not without its limitations, however, and these are reviewed in the discussion. In particular, where log.-curvilinear growth is exhibited, Rmax is an instantaneous rate and is not necessarily sustained for any substantial period of time. Neither is this estimate of Rmax invariably the value of the true maximum slope of the log W curve. It is merely the fitted slope at a point close to this maximum (although for all The notation follows that of Evans (1972) in which R and R respectively represent instantaneous relative growth-rate and mean relative growth-rate over a stated period of time. The prefixes indicate the times or periods involved (measured in days from planting). The figure in brackets is the 95% confidence limit. of the quadratic curves and for some of the cubic curves the maximum slope was, in fact, at the first harvest occasion). Furthermore, in species exhibiting exponential growth Rmax is equal in value to R.
Notwithstanding the foregoing difficulties these approximations to Rmax have been used in a first attempt to explore the possible ecological significance of this quantity, since the capacity, or lack of capacity, for rapid growth (over however brief a period) is itself a phenomenon of physiological and ecological interest. Cases in which the analyses have produced what might be considered as anomalous results will be discussed individually. 
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RESULTS
Values for Rmax and R (calculated from the linear regression of loge W on time) are given in Table 5 . Standard errors are included to provide a simple index of the variability of these estimates for each species and 95%/ confidence limits allow individual tests of significance to be made.
Distributions of Rmax within the present sample of species are given in Fig. 2 as histograms with a class-interval of 0-25 week-'. The range of values, extending from Picea sitchensis to Poa annua, represents more than a twelve-fold difference in values of Rmax. The overall distribution (Fig. 2(a) ) is single-humped, but the right-hand tail is slightly more extensive than that on the left. Errors in the estimation of Rmax were not taken into account in preparing these histograms and some of the higher values had wide confidence limits. Hence this right-hand tail may not be genuine and it would be unwise to speculate on the slight skewness of this distribution.
Little difference emerged between Dicotyledones and Monocotyledones with respect to the distribution of Rax. Both groups showed a distribution which was strongly single-humped (Fig. 2(b) and (c) ) and which extended over a wide range. The very lowest classes in Fig. 2(b) are occupied by woody species (q.v.) , so there is no real difference between the lower limits of the distributions shown in Fig. 2(b) and (c) .
All fourteen of the woody species had low values of Rax (Fig. 2(d) ). Deciduous and coniferous tree species, shrubs and undershrubs, e.g. Dryas octopetala, came into this category. This result agrees well with that of Jarvis & Jarvis (1964) who collected information on R for eleven woody species and reported values equivalent to 0-053-0-822 week-for growth in the seedling phase. Fig. 2(e) shows the frequency-distribution for species which are normally annual in habit. The distribution is strongly biased towards the right, completely absent from the bottom three class-intervals and virtually absent from the fourth (Aira praecox only).
All of the legumes studied had o1w to medium values of Rax (Fig. 2(f) ). This group included woody shrubs of low Rax (Sarothamnus scoparius, Ulex europaeus), grassland 
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RGR in a local flora species of low Rmax (Lathyrus spp.) and grassland species of low to moderate Rmax (Lotus corniculatus, Medicago lupulina, Trifolium spp.). In view of the small size of this sample it would be unwise to attach a general significance to the distribution of Rmax within legumes. No significant differences in Rmax were revealed within the three species for which more than one seed source was used (Brachypodium pinnatum, Festuca ovina, Zerna erecta, see Table 1 footnote). For these species the values listed in Table 5 are derived from pooled data of all populations used.
DISCUSSION
Accuracy of the data Before considering the physiological and ecological significance of the data it is necessary to comment on the reliability of the estimates of Rmax obtained. Two possible sources of error can be identified. The first is inaccurate curve-fitting owing either to variability in the data or to methodological limitations and the second is restriction of growth by the experimental conditions.
Curve-fitting
Some insight into the variability of the data was obtained by examination of the fitted estimates of final whole-plant dry weight (W): the variability of values obtained showed no systematic trend with absolute values when plotted on a logarithmic scale. In other words, the transformation of all values of W to natural logarithms before analysis had removed the systematic increases in variability which occurred with increases in W, leaving only the contributions of random and experimental errors. Certain species also had relatively variable final yields where there had been seedling mortality during the experiment, viz. Digitalis purpurea, Geum urbanum, Origanum vulgare, Scabiosa columbaria and Veronica arvensis.
The variability of the estimates of Rmax given in Table 5 (1-83 week-) . The size of the values obtained thus suggests that the experimental conditions were suitable for near-maximal growth-rates in the more productive species even if only for a relatively brief period. Elkington (1971) , in presenting physiological data for a Biological Flora account on Dryas octopetala, quoted results obtained for the growth of this species in the present investigation. A value of R covering the whole period of observations (14-35 days after planting) and equivalent to 0-58 week-l was reported. It was compared with values for Poa annua and Urtica dioica respectively equivalent to 1-90 and 2-27 week-l, again calculated from the present data over the whole period of growth. The values given by Elkington (1971) for these two latter species were based on preliminary analyses only and should be replaced by the values listed in the present Table 5 .
Restriction of growth by externalfactors
In certain species growth curves flattened considerably towards the end of the experiment. Where this coincided with the onset of flowering, e.g. in Bidens tripartita, Senecio vulgaris, Polygonum convolvulus and Chenopodium album, the effect appeared to be a normal feature of development. In other species, however, this phenomenon was most probably due to external constraints. These were apparent in species such as Poterium sanguisorba, Plantago major and Centaurea nigra, each of which ultimately formed a rosette of large leaves which tended to experience mutual shading within the container. A decline in relative growth-rate occurred in many of the very highest-yielding species, e.g. Hordeum murinum and Lycopersicon esculentum. In these species the growth form was such that mutual shading could probably be discounted. A more likely explanation is that the roots became 'pot-bound'.
All of these cases exhibited significant log.-curvilinear progressions of W on time and values of Rmx were taken from the early parts of the curves, before flattening had taken place. However, more recent experiments indicate that some of the most rapidly-growing species achieve Rmax prior to the 2-5 week period covered by this investigation. The overall spread of final yields obtained in these experiments has, therefore, suffered a check or truncation at the higher end of the scale. This illustrates one of the natural disadvantages of the present 'broad-front' style of investigation. To have increased the number of harvests and the space available to each seedling would have reduced substantially the number of species which it was possible to include in the investigation. Despite these sources of error and for the reasons discussed on pp. 395-7 it seems reasonable to conclude that broad comparisons of R are possible from the present body of data. It is necessary, however, to bear in mind that the values of Rmaxpresented here are first estimates and particularly in the case of large, fast-growing species, are likely to fall marginally below the true maxima.
The physiological basis for differences in Rmax
Rma and 'woodiness' In Fig. 2(d) it was clearly established that seedlings of the tree species included in the investigation yielded consistently low values of Rma. Comparatively slow growth in tree c seedlings has been recorded previously (Jarvis & Jarvis 1964; Loach 1970 ) and has been attributed to the expenditure of photosynthate on woody tissue, a process concomitant with a slow rate of expansion of leaf area. It is tempting to apply the same explanation also to the slow growth-rates of the six undershrubs examined (Calluna vulgaris, Helianthemum chamaecistus, Dryas octopetala, Thymus drucei, Vaccinium myrtillus and V. vitis-idaea). However, it remains to be confirmed that a significant proportion of the dry matter of these species is, in fact, devoted to woody tissue during early seedling development. Moreover, since all these species may be broadly described as microphyllous other explanations for the low rates of dry matter production may be involved.
Rmax and plant morphology
Several plant attributes are known to exercise a controlling effect on relative growth-rate and, in a subsequent paper, techniques of growth-analysis will be used to assess the relative importance of leafiness and leaf efficiency in determining Rmx in each species. However, as a preliminary to formal analysis some general points can be made with regard to the relationships between Rax The slow-growing species include two which are exceptional in that they attain a large stature at maturity. These are the Umbellifers Heracleum sphondylium and Anthriscus sylvestris. In these plants, low Rmax appears to be due to the translocation of photosynthate into a swollen rootstock, a process which, perhaps surprisingly, appears to commence with the appearance of the first leaf. The ecological significance of this phenomenon will be considered later.
The group of species which achieves values of Rmax of 1-5 week-or higher is heterogeneous with respect to seedling morphology, leaf shape and the form of the mature plant. The grasses are invariably broad-leaved but both erect forms (e.g. Holcus lanatus and Bromus sterilis) and low-growing forms (e.g. Cynosurus cristatus and Agrostis stolonifera) are represented. The fast-growing Dicotyledones include some of the tallest species (e.g. Epilobium hirsutum and Urtica dioica) and the shortest (e.g. Plantago major and Cerastium holosteoides). Leaf form varies from large, simple leaves (e.g. Rumex obtusifolius) to tripinnate structures (e.g. Achillea millefolium).
The ecological significance of differences in Rmax Extrapolations to field conditions
The estimations of Rmax in this investigation were carried out on seedlings growing under conditions far removed from those obtaining in the natural habitats of the species concerned. It would be naive, therefore, to expect that the values measured are a reliable guide to the rates of dry matter production commonly achieved in nature. Even where seedlings are growing under productive conditions and in the absence of competition Table 6 . The mean frequency of occurrence of species belonging to four classes of Rma, in habitats 3-31 (Table 1) For each habitat and class of Rmax the upper figure refers to the mean percentage occurrence of these species in quadrats of the habitat. The lower figure is the same after angular transformation and with 95% confidence limits added.
Habitat
Rmax class (week-1) < 1-0 1-0- such as in the early stages of recolonization of disturbed ground it is necessary to recognize that plant characteristics apart from Rmax will exert a major influence upon dry matter production. In the early seedling phase the most important of these is the initial capital for growth provided by the seed reserves. The relationships between Rmax, seed weight and yield after five weeks' growth in the present experiments will be examined in a later publication, but it is already clear that high yields may coincide either with a combination of high seed weight and high Rmax (e.g. Hordeum murinum and Polygonum convolvulus) or with that of small seed weight and exceptionally high Rmax (e.g. Urtica dioica and Stellaria media).
The indicator value of Rax
It has been acknowledged already that the intrinsic and extrinsic constraints on R in plants growing under natural conditions are such that it is pointless to extrapolate to the field in absolute terms from laboratory determinations of Rax. However, the possibility remains that values of Rm,, are a clue to the relative productivity of species growing under field conditions. Such a relationship is suggested by the fact that species associated with fertile habitats such as arable fields (e.g. Chenopodium album, Poa annua and Polygonum spp.) or manure heaps (e.g. Stellaria media and Urtica dioica) have higher values of Rmax than species characteristic of unproductive habitats such as unfertilized pastures (e.g. Festuca ovina, Nardus stricta, Sieglingia decumbens, Helictotrichon pratense and Sesleria albicans). Correlations between potential growth-rate and site fertility have been commented upon or are evident in a number of publications (e.g. Bradshaw et al. 1964; Grime 1966 ). The data collected in the present investigation provide an opportunity to test the strength of this correlation.
In Table 6 species have been classified according to Rax into four equally-populated class-intervals and the mean frequency of occurrence of the species in each class has been calculated for twenty-nine of the thirty-one habitats represented in Table 1 . Angular transformations have been added to permit statistical tests. A significant reduction (P<0-05) in the frequency of slow-growing species (i.e. < 10 week-1) was detected in a number of productive habitats. These include various types of spoil, enclosed pasture and arable land. It is apparent also that species of low Rmax attain only low frequency on paths. From Table 6 , it is clear that there is a statistically-significant reduction in the frequency of species of high Rma (i.e. > 15 week-) in the flora of two unproductive habitats, limestone scree and unenclosed pastures on acidic strata. Fig. 3 allows a closer inspection of the nineteen habitats in which there is evidence of a skewed distribution in Rmax. In exploring the correlation between site fertility and Rmax a complication must be recognized. This arises from the fact that in many of the fertile habitats the preponderance of fast-growing species also coincides with physical disturbance and the presence of a high proportion of annual plants which, it has already been noted (Fig. 2) , include many species of high Rmx. In the histograms of Fig. 3 the contribution of annuals to each class of Rax in selected habitats has been distinguished by hatching. These figures show clearly that in each of the habitats in which there is a bias among the commoner constituent species towards high Rmax (Habitats 9, 10, 11, 14, 15, 17, 18, 19, 23, 29 and 31 ) the increase in the contribution of annuals, where it occurs, is generally of secondary importance to the increase in abundance of perennial plants of high Rmax.
From Table 6 and Fig. 3 , therefore, there is confirmation that productive and unproductive vegetation types differ with respect to the potential maximum growth-rates C, 1 25-1 -44; D, > 1-44 week-'1. Column R shows species which were similarly abundant in the habitat but which were not screened for Rma,,. Throughout, the hatched areas refer to annual species. The system of numbering of the habitats follows that used in of the major constituent species. Moreover, account must be taken of the fact that the habitat types recognized for the purposes of these comparisons are extremely broad and are likely to be rather heterogeneous both in vegetation and in productivity. More precise comparisons on the basis of individual vegetation samples and in which the frequency of each species within the sample is used to calculate weighted means for Rmax (Grime 1974 ) suggest that in natural vegetation there may be a sensitive adjustment of general levels of Rmax prevailing in a community in response to variation in site fertility. In order to explain the marked differences between common vegetation types with respect to the potential growth-rates of the component species it is necessary to consider the significance of Rmax in relation to the very different processes which may determine the success or failure of species in different types of habitat.
Earlier in this discussion it was pointed out that high Rmax coincides with a wide range in morphology. It is apparent that at the two extremes of this morphological range the capacity to achieve a high rate of dry matter production under favourable circumstances is incorporated into distinct strategies. At one extreme high Rmax is associated with tall stature, the capacity for extensive lateral spread above and below ground and the tendency to deposit a dense layer of litter on the ground surface. This combination of attributes is conducive to the efficient capture of light, water, mineral nutrients and space and is particularly well developed in species such as Epilobium hirsutum, Chamaenerion angustifolium and Urtica dioica which frequently occupy extensive areas of productive, relatively undisturbed, vegetation apparently excluding the majority of other plants by means of their superior competitive ability above and below ground (but see Pigott (1971) for an alternative interpretation of the performance of U. dioica under productive conditions).
A marked contrast to this 'competitive' strategy is provided, at the other extreme, by annuals and short-lived perennials. Here, high Rm,, occurs in association with a relatively short life-history and a growth pattern in which a large proportion of the photosynthate is directed into seeds (Salisbury 1942; Harper 1961 ). In the ruderal, the significance of high Rma appears to be rather different from that which it has in competitive species. In the ruderal, high Rmax facilitates rapid completion of the life-cycle rather than exclusive occupation of the habitat. It is likely, however, that in ruderals of productive, arable land high Rmx will confer a considerable advantage in situations where fertility allows rapid growth and the onset of competition occurs at an early stage of colonization.
With respect to both the competitive and the ruderal strategy the significance of high Rma may extend beyond the capacity for rapid dry matter production. It may be helpful to recognize Rma as one of the more easily quantified expressions of a group of physiological attributes which are under common genetic control or show parallel responses to natural selection. Hence, it may be suggested that species of high Rmax possess other attributes which place them at an advantage in productive or disturbed environments. These may include, for example, great plasticity in deployment of photosynthate between root and shoot and a rapid rate of response to environmental variation especially in the extension growth of stems, petioles and roots, and in the expansion of leaf area.
The need to consider the concomitants of high Rmax is even more obvious when an attempt is made to explain the low incidence of potentially fast-growing species in unproductive habitats. It is possible that genetic characteristics conducive to rapid growth in productive conditions become disadvantageous when the same plants are subjected 418 RGR in a local flora to environmental extremes. The plant characteristics which cause species of high Rmax to be vulnerable to environmental stresses are, in many cases, still unidentified. Moreover, there is a strong probability that the pathology differs between stresses and possibly also between species experiencing the same stress (Loach 1970) .
Among the documented investigations of the susceptibility of fast-growing species to stress are the results obtained by Grime (1965b Grime ( , 1966 ) and Loach (1967) which suggest that inflexibly high respiration rates are implicated in the rapid deterioration and mortality of deeply-shaded seedlings. With respect to failure under certain other forms of stress, such as mineral nutrient deficiency and heavy metal toxicity, the investigations which have been carried out so far have not identified the features within the physiology of fast-growing species which account for their greater susceptibility.
As a corollary to these comments on the ecology of fast-growing species, it is necessary to refer to the adaptive significance of low values for Rmax The relative scarcity of species of low Rmax in productive vegetation suggests that these plants have a lower competitive ability. Slow-growing species are also infrequent in habitats such as paths in which the vegetation experiences a high intensity of damage or disturbance. The explanation for this finding appears to be that species of low Rmax are ill-adapted either for the replacement of foliage by regrowth of established plants or for rapid seedling establishment in areas of bare ground created by disturbance.
Special cases
The main concern in this paper has been to examine the general relationship between Rmax and plant distribution and it would be unwise, particularly in the absence of more extensive evidence on the lack of intraspecific variation in Rm,, to regard the single determination given here for each species as definitive. For this reason no attempt has generally been made to comment upon the significance of differences in Rmax between species of similar distribution. However, two particular cases merit further investigation.
The first concerns the species Galium saxatile, Scabiosa columbaria and Poterium sanguisorba, each of which has a moderate value of Rmax (in the range 1-3-1-6). These species are all plants of relatively unproductive vegetation and are to be found in the field in association with species of rather low Rmax. In this case it appears that the relatively high values of the three species are due to the occurrence soon after germination of a very brief period of rapid growth which then gives way to rates more typical of species from unproductive habitats.
A second anomaly is provided by the two biennial Umbellifers, Heracleum sphondylium and Anthriscus sylvestris. Despite their extremely low relative growth-rates both of these species achieve high frequencies of occurrence in three of the habitats dominated by species of high Rma (meadows, hedgerows, road verges). Earlier in this discussion it was pointed out that the low relative growth-rate of the seedlings of these two species may be due to the translocation of photosynthate into the rootstock, a process which begins at a very early stage of seedling development and which provides the capital for production of the flowering shoot in the second year. The remarkable ability of the seedlings of these two species to establish in vegetation composed of potentially fast-growing perennial species and simultaneously to build up a root storage organ, doubtless at the expense of leaf development, may in part be related to the relatively large seeds which confer an impetus to seedling development which is unusual among native British herbaceous plants. 
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SUMMARY
Estimations have been made of the maximum potential relative growth-rate (Rma) attained in the exponential phase by 132 species of flowering plants including representatives from each of the dry terrestrial habitats of the Sheffield region. The period of growth between two and five weeks after germination was studied in a standardized, productive environment and fitted growth-curves were used to derive various growth-analysis parameters.
Woody species exhibited a bias towards low values of Rmax and a similar trend was evident among fine-leaved grasses. Annual plants were most frequent in the high Rmax category. Grasses and forbs included a wide range of growth-rates and in both, high values of Rmax were associated with a variety of growth forms. With the exception of the woody plants and the biennial herbs, Anthriscus sylvestris and Heracleum sphondylium, all the species of low Rmax examined were species which as seedlings and mature plants tend to be small in stature.
The possibility that Rmax is of adaptive significance in the field was tested by examining the frequency of species of low or high Rmax in vegetation samples from a range of habitat types. In several disturbed and/or productive habitats fast-growing species were predominant and species of low Rmax were virtually or completely absent. The reverse was true of several stable, unproductive habitats. Species of moderate Rmax were ubiquitous.
The adaptive significance of Rmax and its contribution to the determination of her-
